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It has been suggested that fjord geometry could be an important contributor to the observed mass loss 
variability in Greenland by modulating the flow of warm water to marine-terminating glaciers. New 
gravity-derived bathymetry of Greenlandic fjords confirms the link between the grounding line depth 
and rates of glacier mass loss, a relationship previously predicted only in ice models. We focus on two 
neighboring glaciers to minimize differences in external forcing and therefore isolate the role of the 
fjord bathymetry. Tracy Glacier has a deeper grounding line and has been retreating since 1892 with 
a contemporary mass budget of −1.63 Gt a−1. Heilprin Glacier has a shallower grounding line depth, a 
stable ice terminus, and a mass budget of only −0.53 Gt a−1. Because of its deeper grounding line, Tracy 
has more ice in contact with warm subsurface water, leaving it more vulnerable to changes in ocean 
forcing and therefore mass loss.
© 2014 Published by Elsevier B.V.
1. Introduction
The mass budget of the Greenland ice sheet has decreased 
from −51 ± 65 Gt a−1 over the period 1992–2000 to −211 ±
37 Gt a−1 over the period 2002–2011, contributing to a 7.9 ±
2.7 mm rise in global mean sea level since 1992 (Rignot et al., 
2012; Shepherd et al., 2012). Most of the ice sheet’s mass loss 
is occurring at its margins, but the pattern of change is complex. 
There is considerable spatial and temporal variability in the ob-
served ice surface velocity (Moon et al., 2012; Padman et al., 2012;
Rignot and Jacobs, 2002) and mass wastage (Jakobsson et al., 2012;
Kjeldsen et al., 2013; Pritchard et al., 2009; Shepherd et al., 2012)
of outlet glaciers, complicating regional interpretations of change. 
Although tidewater glaciers in northwest Greenland showed an 
overall acceleration from 2000–2010, the changes in ice speed 
were not uniform (Melling et al., 2001; Moon et al., 2012). In 
several instances, while one glacier sped up dramatically, its neigh-
bors accelerated less or even slowed. This large degree of spa-
tial variability precludes the scaling up of local thinning rates 
to ice sheet-wide mass wastage estimates (Gardner et al., 2013;
Rignot et al., 2012), while the interannual variability hampers ex-
trapolation of these trends into the future. Understanding this 
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observed variability is the next step in identifying the first-order 
components of the tidewater glacier system.
The external forcings of a tidewater glacier system that con-
tribute to decadal scale glacier advance and retreat are surface 
energy and mass balance (SMB) (Box et al., 2012; O’Leary and 
Christoffersen, 2013), ocean heat content (Xu et al., 2012), and 
the subglacial environment (e.g. geothermal heat flux and sub-
glacial and englacial hydrology) (Phillips et al., 2013). Adequate 
constraints of these forcings remain elusive due to both the in-
accessibility and spatial variability of the glacial environments. 
This presents a significant challenge to understanding the observed 
variability in glacier retreat in Alaska, Greenland, and Antarctica.
Ice flow models have suggested that tidewater glaciers are most 
sensitive to forcing at the terminus (Nick et al., 2009), with the 
thinning and speed up response propagating inland (Howat et al., 
2007). Furthermore, marine-terminating glaciers are most sensi-
tive to melting at the base of the grounded ice at the grounding 
line (O’Leary and Christoffersen, 2013; Reeh, 1968). The grounding 
line is typically the site of the largest thermal forcing, the dif-
ference between the temperature of warm, deep water and the 
freezing point of salt water (Jacobs et al., 2012). The bed topog-
raphy beneath the grounded outlet glacier may control the extent 
of the retreat (Enderlin et al., 2013; Schoof, 2007) while the fjord 
bathymetry controls the access of relatively warm water to the ice 
front at the grounding line (Holland et al., 2008).
http://dx.doi.org/10.1016/j.epsl.2014.05.058
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Fig. 1. Inglefield Gulf and surrounding glaciers, located in northwest Greenland. Landsat 7 panchromatic image over land and ice with IBCAO offshore. Locations of CTD and 
ECCO2 model data. Also shown are NASA MEaSUREs ice velocities.
Here, we analyze a pair of neighboring glaciers to minimize 
the differences in external forcings between the two systems. 
This case study approach assumes the glaciers terminating in the 
same fjord will experience similar changes in ocean properties. 
We also assume the subglacial thermal and hydrological environ-
ment is similar between neighboring glaciers. Finally, while SMB 
can vary widely across Greenland (Vernon et al., 2012), proximal 
glaciers will have similar SMB forcings. We analyze Tracy and Heil-
prin Glaciers, two similarly sized neighboring glaciers in northwest 
Greenland that both empty into Inglefield Gulf (Fig. 1).
2. Tracy and Heilprin Glaciers
Tracy and Heilprin Glaciers are the widest (∼5 km) of the 
marine-terminating glaciers that flow into Inglefield Gulf in NW 
Greenland (77◦N) (Fig. 1). A 115-year record of terminus posi-
tions of Tracy and Heilprin Glaciers, compiled from reports of early 
Arctic explorers, geologists, and more recently aerial and satel-
lite images, reveal disparate long term mass-wasting of these two 
neighboring glaciers (Dawes and van As, 2010). At the start of the 
20th century, the terminus of Tracy Glacier extended to the is-
land, Josephine Peary Øer, with both Melville and Farquhar Glaciers 
flowing into it as tributaries from the north (Fig. 2). Tracy Glacier 
detached from Peary Øer in 1960 (Dawes and van As, 2010) but did 
not recede significantly through 2000. The period of fast terminus 
retreat was from 2000–2005 when Tracy pulled back another 8 km, 
finally detaching from its last tributary, Farquhar Glacier. Landsat 
images show a transition from tabular to fluted icebergs around 
2005, indicating a change from a floating to grounded terminus 
(Walter et al., 2010), corroborated by the attendant appearance of 
glacier-quakes from Tracy (Veitch and Nettles, 2012). Over the next 
eight years (from 2005 to 2013), Tracy’s terminus retreated another 
2 km further inland. It is probable that Tracy’s terminus was float-
ing for most of the past century. Using a combination of survey 
maps, aerial photography, and satellite imagery, Dawes and van As
(2010) show that Tracy has retreated by about 15 km since Peary’s 
first expedition there in 1892. By comparison, the terminus posi-
tion of Heilprin Glacier has changed less than 4 km in that time.
During the same period, the other four significant glaciers ter-
minating in the waters at the eastern end of Inglefield Gulf have 
also retreated, but by much less. These four small glaciers are 
from west to east: Hart, Sharp, Melville, and Farquhar. The largest 
retreats for these glaciers, approximately 1.5 km, occurred for 
Melville, and Farquhar that only recently separated from the main 
trunk of Tracy. Tracy had previously provided additional backstress 
to the outflowing ice from these two glaciers.
Warming ocean waters around both Greenland (Rignot et al., 
2012) and Antarctica (Padman et al., 2012; Rignot and Jacobs, 
2002) have been implicated as a trigger of the recent mass loss 
from these ice sheets. In the cold waters of high latitudes, the 
pycnocline is mainly a reflection of gradients in salinity, result-
ing in a fresh and cold surface with warm saline water be-
low. The heat contained in the underlying warm Atlantic Water 
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Fig. 2. Landsat 7 panchromatic image and IBCAO water depths of Inglefield Gulf and surrounding glaciers. The colors of NASA OIB flight lines depict the (a) measured free-air 
gravity anomalies and (b) modeled depth of the bed in meters above sea level. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
(AW), typically found below 100 m, is available to melt marine-
terminating glaciers.
Tracy and Heilprin Glaciers are located at the head of Inglefield 
Gulf in northwest Greenland (Fig. 2). The International Bathymet-
ric Chart of the Arctic Ocean (IBCAO) Version 3.0 (Jakobsson et al., 
2012) indicates this gulf is a long and straight channel that is ap-
proximately 80 km long and 10 km wide with no known sills. In-
glefield Gulf extends seaward to Hvalsund, a 1 km deep trough that 
turns southward towards the Carey Islands and out into northern 
Baffin Bay (Fig. 1). The deep north–south Hvalsund trough at the 
mouth of Inglefield Gulf may provide a pathway for the northward 
transport of warm and deep Atlantic Water in the West Greenland 
Current (WGC). Oceanographic moorings from northern Baffin Bay 
to the Smith Sound (Melling et al., 2001) suggest that the deep 
waters of the WGC bifurcate at a sill in northern Baffin Bay, with 
one branch flowing north into Hvalsund trough. This branch of rel-
atively warm water is likely the source of the water in Inglefield 
Gulf (Dybkjaer et al., 2011), which ultimately reaches the ice faces 
of Tracy and Heilprin Glaciers.
Summertime water temperatures in Hvalsund trough were ob-
tained from a series of hydrographic casts in 2003 (https :/ /www.
aoncadis .org /dataset /Healy2003-01-CTD .html) (Münchow et al., in 
press). The cast locations are shown in Fig. 1. Fig. 3 shows a 
comparison of these observations with nearby temperature pro-
files from the Estimating the Circulation and Climate of the Ocean 
model II (ECCO2, from http :/ /ecco2 .org) (Rignot et al., 2012). In 
general, there is warm fresh surface water (>2 ◦C) down to 50 m 
and warm AW water (>0 ◦C) below 150 m depth. The thermal 
minimum, with temperatures of −0.5 ◦C to −1.6 ◦C, occurs be-
tween 50–100 m depth. The ECCO2 model properly simulates the 
strong halocline but has less detail than the casts and underes-
timates the AW temperature (Fig. 3). Glaciers are most sensitive 
to melting at the base of the ice face (O’Leary and Christoffersen, 
2013), driven by the difference between this warm AW layer and 
the freezing point of sea water at the grounding line (∼−2 ◦C, 
from Fig. 3). In addition to this thermal forcing, frontal ablation 
works in tandem with the force-convective subglacial meltwater 
plume to drive melting of the face (Xu et al., 2012). The conse-
Fig. 3. Profile plots of temperature versus depth for the ECCO2 model (red) and all 
CTD casts in Hvalsund trough (black). Also included is the freezing point of seawater 
(green) for the deepest cast. For reference, the grounding line depths of both Tracy 
(red) and Heilprin (blue) Glaciers are included as dotted lines. See Fig. 1 for loca-
tions hydrographic data. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
quence of this large difference is that ice at or below 100–150 m 
depth will incur more frontal ablation than shallower ice.
3. Mass balance and response of Tracy and Heilprin Glaciers 
to forcing
3.1. Mass wastage and surface lowering
We use NASA Airborne Topographic Mapper (ATM) lidar (Krabill 
et al., 2002) to detect surface elevation change rates using airborne 
altimetry. We derive thinning rate estimates from coincident ice 
surface elevation measurements (Martin et al., 2012). We focus 
JID:EPSL AID:12688 /SCO [m5G; v 1.134; Prn:6/06/2014; 8:28] P.4 (1-7)



































































Fig. 4. Thinning rates for Tracy (left) and Heilprin (right) glaciers for 50 m elevation bins. Shading represents the 2-σ spread for each bin. The elevation hypsometry of each 
glacier catchment from the GIMP DEM in square kilometers is shown in grey. The axes are the same for each glacier.
mostly on springtime comparisons of along-flight repeat surface 
elevation measurements to have confidence that thinning rates are 
due to the large-scale mass wastage of the ice sheet instead of 
seasonal changes. From 1994–1999, flights over Tracy and Heilprin 
Glacier catchments provide sparse estimates of thinning rates at 
line crossings. Repeat centerline flights have been run since 1999, 
allowing thinning rate (dh/dt) determinations along that flow line. 
Tracy and Heilprin have been flown over every year since the 
start of the OIB program, yielding very good lidar altimeter cover-
age and annual dh/dt determinations for the period of 2009–2012 
(http :/ /nsidc .org /data /icebridge/). Prior to 2009, campaigns were ir-
regularly spaced in time so longer differencing periods are some-
times used to calculate thinning rates.
When considering differencing periods of one year, the ad-
vection of surface features, such as crevasses or slope anomalies, 
may suggest surface elevation changes not related to ice thick-
ness or mass change. Therefore, thinning rate estimates are filtered 
and binned to remove much of the inherent noise of repeat-track 
method (Moholdt et al., 2010). All ATM measurements within each 
glacier’s surface catchment area (as delineated from a digital ele-
vation model (DEM)) are filtered to retain only observations within 
two standard deviations of the mean and are then bin-averaged for 
every 50 m in elevation (Fig. 4). A comparison of coincident ATM 
elevation measurements from different time periods then yields 
surface lowering estimates with an uncertainty of less than 10 cm 
(Martin et al., 2012).
As is typical for tidewater glaciers, most of the thinning occurs 
at elevations below 1000 m elevation where there is substantially 
less surface area (Fig. 4). From 1994 to 2002, both Tracy and Heil-
prin glaciers experienced thinning of −1 m a−1 or less. By 2010, 
the ablation zone thinning rate of Tracy accelerated to −6 m a−1, 
with a more modest increase in thinning of Heilprin to −2 m a−1. 
Most telling of the contrasting behavior is the doubling of thin-
ning rates from −6 to −12 m a−1 for Tracy between 2011 and 
2012 while Heilprin did not change significantly. Similarly, ICESat
(Ice, Cloud and land Elevation Satellite) laser altimetry reveal sur-
face elevation changes between 2000–2005 of −7.3 m a−1 and 
−0.8 m a−1 for Tracy and Heilprin, respectively (Pritchard et al., 
2009). Tracy has the highest contemporary thinning rates of all 
glaciers in northern Greenland: rates for some of the largest outlet 
glaciers are −5.9 m a−1 for Hagen Brae, −4.4 m a−1 for Zachariae, 
and −0.3 m a−1 for nearby Petermann Glacier (Pritchard et al., 
2009).
Although there has been less ice surface elevation change fur-
ther up on the ice sheet, where most of these glaciers’ mass lies, 
when integrated we still see the same contrast in surface lower-
ing between Tracy and Heilprin between 2009–2012. Glacier-wide 
thinning rates and mass loss estimates are calculated assuming 
that ATM-derived thinning rates are representative of their re-
spective elevation bins as derived from the Greenland Ice Map-
ping Project (GIMP) DEM (http :/ /bprc .osu .edu /GDG /gimpdem .php). 
For Alaskan glaciers, Berthier et al. (2010) find that extrapolating 
center-line altimetry measurements across elevation bins overes-
timates the area-average thinning rates by 22%. This should be 
inconsequential for this study because Tracy and Heilprin have 
similar width-scales. The glacier-mean thinning rate of Tracy is 
−0.5 m a−1, which is equivalent to a mass budget of −1.63 ±
0.26 Gt a−1. By contrast, the same calculation for Heilprin yields 
a thinning rate of −0.07 m a−1 and a mass budget of −0.53 ±
0.6 Gt a−1.
3.2. Ice velocity
The MEaSUREs program provides ice sheet-wide mosaics of an-
nual mean ice surface velocity for the period from March 2001 
through March 2008 from RADARSAT-1 (Joughlin et al., 2010). 
Starting in 2010, higher resolution velocity tiles are available for 
locations around Greenland’s largest outlet glaciers from TerraSAR-
X data. We sample these velocities under every OIB flight line 
between 2009 and 2012 to ensure spatial colocation with dh/dt
determinations and also to sample the fastest ice flow. As with the 
thinning rate calculations, the data are filtered and processed into 
elevation bins of 20 m.
Fig. 5 shows that the ice surface velocity near the terminus 
from 2000–2011 is about 1.6 km a−1 for Tracy and 1.3 km a−1 for 
Heilprin. There was a large acceleration in both glaciers between 
2001 and 2006, when Tracy accelerated by about 40% or over 
300 m a−1, but Heilprin sped up by only 150–200 m a−1 (Rignot 
and Kanagaratnam, 2006). Moon et al. (2012) find similar velocity 
changes in these two glaciers (a 20% increase for Tracy and 15% 
for Heilprin) between 2000 and 2010 using satellite interferome-
try and speckle tracking. The timing of this change suggests that 
both glaciers are responding to identical external forcing, such as 
a pulse of warm water in the WGC associated to a reduction in 
the North Atlantic Oscillation (NAO) (Rignot et al., 2012), although 
Tracy responds more. Since 2006, both glaciers have experienced 
more modest increases in speed, with 2011 as the fastest year for 
both glaciers (above 150 m elevation). The speedup propagated in-
land for both in recent years, although the acceleration was more 
pronounced in Tracy. We calculate the 2009–2012 mass flux of 
Tracy and Heilprin to be 2.3 ± 0.1 Gt a−1 and 1.8 ± 0.1 Gt a−1, re-
spectively. The uncertainty in mass flux estimates comes from the 
summation of uncorrelated errors associated with InSAR surface 
velocities, radar bed depths, and by the assumptions that ice sur-
face velocities scale to a depth-averaged velocity and of a parabolic 
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Fig. 5. Ice surface velocity from InSAR technique in meters per year for each winter-to-winter period (calculated as departures from the 2001–2011 mean) for each 20 m 
elevation bin for Tracy (left) and Heilprin (right). Each labeled year in the figure is representative of the preceding winter (e.g. March 2000–March 2001 is labeled as “2001”). 
Velocities are sampled at the locations of dh/dt determinations.
Fig. 6. Gravity-derived topographic profiles for (a) Tracy and (b) Heilprin Glaciers. 
The models are displayed with their grounding lines aligned. The overlaid black 
lines are observed bed elevations from OIB radar. Water potential temperatures in 
Celsius are from ECCO2 model output at mouth of Inglefield Gulf, over 100 km 
from the ice face. Water temperature below 550 m depth (dotted line) are arbitrar-
ily colored the same as the next shallowest water layer. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)
glacier cross-sectional profile (constrained by ice thicknesses from 
NASA OIB radar).
4. Bathymetry from inversion of IceBridge gravity data
We used Operation IceBridge gravity data to invert for bathy-
metry beneath Inglefield Gulf at the terminus of the two glaciers. 
OIB gravity data were obtained with a Sander Geophysics AIRGrav 
airborne gravimeter (Argyle et al., 2000; Sander et al., 2004). The 
AIRGrav system provides high-quality data during draped flights, 
flown at a constant elevation above the ice surface (Studinger et 
al., 2008), such as the OIB centerline flights along Tracy and Heil-
prin Glaciers, flown at a nominal height of 1500 feet (457 m) above 
the surface. The gravity anomalies were filtered with a 70 s full 
wavelength filter, resulting in a ∼4.2 km half-wavelength resolu-
tion for a typical flying speed of 120 m/s (Fig. 2a). The bed rise 
seen in the radar ∼5 km inland from Heilprin’s grounding line 
(Fig. 6b), likely the inland extension of Harvard Øer (Fig. 2b), illus-
trates the resolution of the gravimeter. The resulting bathymetry 
inversions will depress and diffuse any feature either shorter than 
the intrinsic resolution of the gravimeter or that does not fully ex-
tend across the fjord. This limitation is adequate for a study on 
the first-order effect of fjord geometry on glacier melt because the 
small unresolved features will not have first-order impacts on a 
glacier’s access to warm AW.
One of the derived products of the airborne gravimetry pro-
gram is inversion of the gravity data to obtain bathymetry (Tinto 
and Bell, 2011a) in waters inaccessible to traditional ship-based 
ocean bottom surveys. These gravity inversions can also fill-in gaps 
in the ice-base depth derived from radar on the steep and heavily 
crevassed lower portions of glaciers, where radar power dissipates 
before the sharp ice/rock interface. Repeat-track OIB flight lines 
were flown over grounded ice to construct continuous time series 
of change in the cryosphere. Over open water or floating ice, such 
as in Inglefield Gulf, flights do not always occupy previous tracks, 
resulting in wider spatial gravity coverage (Fig. 2b).
Inversion of the gravity data for bathymetry was undertaken in 
two-dimensions along individual flight lines using Geosoft GMSys
software. The software does iterative forward modeling using the 
technique of Talwani et al. (1959). We assume a constant rock den-
sity of 2.67 g cm−3 and the absence of sediments. In the model, 
the bed is kept fixed where it is observed in the radar data, while 
the bathymetry in water-covered areas (where the seafloor cannot 
be imaged with radar) is varied to obtain the best match to the 
observed gravity (Tinto and Bell, 2011b). The uncertainty in the 
bathymetry estimates, determined from comparison against known 
bathymetry and other flight lines, range from ±50 to ±150 m de-
pending on the proximity to constraints.
The most significant difference between these two glaciers is 
that the water depth near and seaward of the grounding line of 
Tracy is 250–350 m deeper than Heilprin (Fig. 6). The models for 
Tracy show a mostly flat bed at a depth of ∼600 meters below sea 
level within 10 km of either side of the present day grounding line. 
For Heilprin, the bathymetry is also mostly flat at about 350 m 
depth, with a 220 m depth sill only 4 km seaward of the ground-
ing line. Although an inland-sloping bed has been implicated as 
an intrinsic driver of irreversible grounding line retreat (Meier and 
Post, 1987), Heilprin is changing more slowly than Tracy, whose 
bed is not sloping. Most importantly, at the grounding line, Tracy 
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has 250–350 m more ice exposed to warm AW than Heilprin, con-
tributing to the increased sensitivity of Tracy to ocean warming 
(Fig. 6).
The asymmetry of the fjord just seaward of the grounding 
line is illustrated in Fig. 2b, which shows the new gravity-derived 
bathymetry for Tracy and Heilprin. The continuity of the under-
water feature between Peary Øer and Smithson Bjerge is clearly 
shown, but sinuous flight-geometry seaward of the terminus gives 
increased cross-over errors of ±130 m for the bathymetry model. 
The deepest part of the fjord lies between Peary and Harvard Øers 
at −830 m depth with a sill between Peary Øer and Smithson 
Bjerge of only −300 m depth (Fig. 2b). This lateral sill between 
Tracy and Heilprin suggests a distinctly different pathway of the 
water reaching each ice face.
5. A mass balance approach for estimating ocean forcing
Following Hulbe et al. (2013), we write out the mass balance 
equation as follows:
Ṁ = ḃ − (uh + q̇) (1)
where Ṁ is the mass balance from integrating ATM thinning rates 
(discussed in Section 3.1), ḃ is surface accumulation from the Re-
gional Arctic Climate MOdel version II for GReenland (RACMO2/GR) 
(van Angelen et al., 2012) integrated over the surface catchment 
area, uh is mass flux (described in Section 3.2), and q̇ is ocean 
forcing. As discussed above in Section 3, the mass flux term uh
is calculated with the assumptions of a parabolic ice cross-section 
(Graf, 1970) and that the depth-averaged ice velocity is 0.8 times 
the surface velocity (Cuffey and Paterson, 2010). All terms are cal-
culated as annual values over the period 2009–2012. The “ocean 
forcing” term q̇ is calculated as a residual (Rignot et al., 2013) and 
encompasses both the melt of the ice face as well as calving. For 
glaciers that are well-constrained by observations, this mass bal-
ance approach is useful for comparing the relative importance of 
the ocean forcing to other external forcings (e.g., changes in surface 
mass balance due to atmospheric warming). Ocean forcing for this 
period is 0.86 ± 0.27 Gt a−1 for Tracy and 0.64 ± 0.62 Gt a−1 for 
Heilprin. Although uncertainties in the calculated term are large 
(a result of large uncertainties in mass loss term), these estimates 
help quantify differences in ocean forcing resulting from different 
grounding line depths between Tracy and Heilprin.
The connection between a deep grounding line and increased 
mass wastage, at least for Tracy and Heilprin Glaciers and perhaps 
others in northwest Greenland, assumes there is warmer water 
at depth which leads to increased melt of the ice face. At the 
grounding line, Tracy has 250–350 m greater vertical extent of 
ice exposed to warm AW than Heilprin. This increased melt, con-
centrated at the deepest part of the ice, may either drive retreat 
directly by melt or indirectly by undercutting the ice and increas-
ing the calving rate. For either mechanism, the proposed link from 
increased basal melt to thinning is as follows; increased melt thins 
ice at the grounding line and leads to tongue disintegration or un-
dercutting of the vertical ice face, reducing backstresses on the 
grounded ice, and resulting in faster ice flow and a deflation of 
the inland ice which must supply more ice to the grounding line.
Other aspects of fjord geometry, such as bed shape, sills, and ice 
rises, contribute to observed variability in tidewater glacier retreat. 
The known bathymetry in Inglefield Gulf (Fig. 1) does not show the 
presence of sills. However, any sills within the Gulf would restrict 
the flow of warm AW to each glacier equally. Harvard Øer may be 
acting as an ice rise, stabilizing Heilprin, which still has a short 
floating tongue. Modeling indicates that ice grounded on an inland 
sloping bed will be less stable and change more rapidly (Schoof, 
2007; Vieli et al., 2002). Heilprin has an inland-sloping bed at and 
seaward of grounding line but is changing more slowly. For this 
pair of glaciers, the depth of the fjord at the grounding line is 
the most important control on how the ocean interacts with these 
marine-terminating glaciers.
6. Conclusions
Defining and quantifying the impact of fjord bathymetry (in-
cluding the depth of the grounding line, the presence of sills, 
and troughs across the shelf) on glacier mass loss is crucial for 
modeling the interactions between warm Atlantic Water and deep-
grounded ice, ultimately improving estimates of mass wastage and 
sea level rise. We show that airborne gravity inversions of fjord 
bathymetry, although inherently limited in resolution due to the 
height and groundspeed of the airplane, have proven to reliably 
capture the bed features that would significantly affect the circu-
lation and the delivery of oceanic heat to the ice face.
Using new gravity-derived bathymetry and mass-balance-
derived ocean forcing, we analyze a pair of neighboring glaciers 
in northwest Greenland with similar external forcings and find 
that grounding line depth explains much of the variability in their 
recent mass loss. We believe that this is a fundamental first-order 
relationship that extends to other tidewater glaciers around Green-
land. If such a relationship exists, we can conclude that deeper 
tidewater glaciers in Greenland are more sensitive to warming 
ocean temperatures than those that terminate in shallow water. 
We also note that other aspects of fjord geometry, such as its 
width and the presence of sills shallower than the depth of At-
lantic Water, can modulate and even supersede the influence of a 
deeply grounded terminus.
For glaciers that are well-constrained by observations, the mass 
balance equation can be exploited to estimate ocean forcing, a 
term combining the effects of basal melt and calving. This analy-
sis can be done for glaciers observed by NASA Operation IceBridge 
campaigns, although an increase in the spatial coverage of thin-
ning rate data will be required to calculate ocean forcing this way 
for most of the glaciers in Greenland. The findings of this study 
suggest that measuring the fjord geometry of Greenland’s out-
let glaciers may aid in the prediction of which glaciers are most 
sensitive to warming ocean waters, thereby improving ice/ocean 
interaction models, as well as forecasts of future mass wastage and 
resulting sea level rise.
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